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Introduction
The structures of disilanes, functionalised derivatives of Si 6 H 6 , have received much attention because of their wide-ranging uses in chemistry and materials science.
1 For example, disilanes form the backbones of polymers, while some of their monomeric moieties are used to stabilise compounds containing elements in low oxidation states.
2 Furthermore, the rotational isomerism exhibited by disilanes in the gas phase is a feature that has been extensively studied using both experimental (gas electron diffraction and Raman spectroscopy) and computational methods.
In recent decades the structures of a number of disilane derivatives have been investigated using gas electron diffraction complemented by computational methods. For homoleptic disilanes general trends in the Si-Si bond lengths have been attributed on the basis of the electron-withdrawing and electron-donating character of the substituents attached to the silicon atoms. Using disilane, Si 2 H 6 , 3 as a reference the Si-Si bond is observed to shorten upon inclusion of electronegative halogen atoms to give Si 2 F 6 4 and Si 2 Cl 6 , 5 while the bond is lengthened by the inclusion of electron-donating methyl groups in Si 2 Me 6 . 6 The structures of these, as well as of the partially halogenated disilanes 1,1,2,2-tetrabromodisilane, 7 1,2-diiododisilane, 8 and 1,1,2,2-tetraiododisilane, 8 show the expected staggered conformations in the gas phase.
Further work has been performed to substitute disilanes with more sterically-demanding groups such as tert-butyl, leading to some surprising structures in the gas phase. While disilanes with two tert-butyl groups (1,2-di-tert-butyldisilane 9 and 1,2-di-tertbutyltetrafluorodisilane 10 ) prefer to exist in anticlinal conformations, the increasingly sterically-crowded 1,1,2-tri-tert-butyldisilane 11 has an almost eclipsed arrangement, with each tert-butyl group eclipsing a hydrogen atom to minimise interactions with other tertbutyl groups.
In 1,1,2,2-tetra-tert-butyldisilane 12 the steric crowding results in the preferred conformer being an ortho 13 (anticlinal) conformer. This structure has an HSiSiH dihedral angle of 94.2(18)°, 13 in which two tert-butyl groups are eclipsing hydrogen atoms attached to the other silicon atom. The elongation of the Si-Si bond to 245.2(8) pm [from 233.1(3) pm as observed for Si 2 H 6 3 ] is due to the electron-donating character of the substituents, as well as to the steric effects of the tert-butyl groups.
Hexa-tert-butyldisilane, 14 in which the central Si-Si core has been fully substituted with tert-butyl groups and is known as superdisilane, has also been studied. In the crystalline phase it has an Si-Si bond length of 269.7(3) pm, which cannot be compared experimentally with its gas-phase equivalent because superdisilane decomposes into "halfdimer" radicals.
15
A natural progression from studying the effects on geometry of tert-butyl groups is to switch to using trimethylsilyl groups, as has been done for (Me 3 Si) 2 HSiSiH(SiMe 3 ) 2 (1) and (Me 3 Si) 2 MeSiSiMe(SiMe 3 ) 2 (2) which are studied using gas electron diffraction and computational methods in this work. Substituting the central carbon atom in a tert-butyl group for a silicon atom will result in longer bonds to the bulky groups, and should allow for more flexibility in the geometries of the substituents. Furthermore, the abilities of the hydrogen atom and methyl group substituents (in 1 and 2, respectively) to compensate for the steric crowding and strain can be deduced from the gas-phase structures. Samples of both 1 and 2 were prepared according to the literature methods. 16, 17 The samples were purified either by distillation (1) to give an oil, or by sublimation (2) to give a white solid. Both samples were examined by NMR spectroscopy to verify their purities.
The samples were subsequently used for the GED experiments without further purification.
Computational methods
Previous work on similar disilane systems showed that there are often several minima on the potential-energy surface. This gives rise to conformers that are linked through rotation of the central Si-Si bond. See Figure 1 for a diagrammatic representation of one conformer of 1 (R = H) or 2 (R = CH 3 ).
Figure 1
The molecular geometry of a low-energy conformer of (Me To identify all possible minima that exist for 1 and 2, initial potential-energy surface scans were performed by rotating about the Si(1)-Si(2) bonds. These scans were carried out at the Hartree-Fock level using the 6-31G(d) basis set on all atoms.
All calculations performed in the course of this work used the Gaussian 09 suite of programs 18 running on either the University of Edinburgh's ECDF cluster, 19 or on the U.K.
National Service for Computational Chemistry Software clusters. 20 Once potential minima had been identified, geometry optimisations and frequency calculations were carried out to determine the energetics of any minimum-energy conformers. The B3LYP method [21] [22] [23] with a 6-311G(2d,p) 24,25 basis set were used for these calculations. Further geometry optimisations and frequency calculations were carried out on conformers deemed to have sufficiently low energies. As a comparison, geometry optimisations were performed for each conformer using the B3LYP augmented with Grimme's dispersion method 26 (B3LYP-GD3) again with the 6-311G(2d,p) basis set.
For a given species, the relative abundance (N i ) of conformer i that is likely to exist in the gas phase at the temperature (T) of the GED experiment was estimated using Equation (1), the Boltzmann distribution:
where (G i ) is the Gibbs free energy of conformer i as determined by quantum chemical calculations, g i is the statistical weight for that conformer, and R is the gas constant.
Gas electron diffraction (GED)
Data for 1 and 2 were collected using the GED apparatus that was housed in Edinburgh until 2010. 27 An accelerating potential of 40 keV was applied, producing electrons with an approximate wavelength of 6.0 pm. Experiments were performed for each disilane at two different nozzle-to-camera distances, increasing the range of angles through which data were collected. Accurate nozzle-to-camera distances were determined by analysing the results of diffraction experiments using gaseous benzene that were carried out immediately after collecting data for 1 and 2. The scattering intensities were recorded on Kodak Electron
Image films, and digitised using an Epson Expression 1680 Pro flat-bed scanner and converted to mean optical densities using a method described elsewhere. 28 A full list of experimental parameters can be found in Table S1 .
The data were analysed using the ed@ed least-squares refinement program v3.0, 29 incorporating the scattering factors of Ross et al. 30 Weightings for the off-diagonal weight matrices, and scale factors can be found in Table S1, while Tables S2 and S3 show the correlation matrices.
Results

Calculated structures
Several minima were observed from the potential-energy surface scan for 1, and geometry optimisations started from these structures yielded four unique conformers. The zero-pointcorrected energies for these conformers were obtained by performing calculation at the B3LYP level with 6-311G(2d,p) basis set and, for comparison, using the B3LYP-GD3 method with the same basis set. The B3LYP-GD3 optimisations were started from the optimised B3LYP geometries. The relative free energies for each conformer for both calculations is given in Table 1 , along with the HSiSiH dihedral angles that defines each conformer. From these calculations conformer 1d has such a low predicted relative abundance that it will not be included in the GED refinements. Table 2 shows selected geometric parameters for the three conformers included in the GED refinement. -157.0 / -163.5 antiperiplanar C 2 +17.5 / +9.3 0.7 / 3.5 a Calculations performed using B3LYP/6-311G(2d,p) and B3LYP-GD3/6-311G(2d,p). Values given for both calculations in that order.
b These are the values of the H(56)Si(2)Si(1)H(55) dihedral angles in degrees; no interconversion was observed upon optimisation. See Figure 1 for atom numbering.
c Gibbs free energy in kJ mol -1 (ZPE corrected). d Calculated using the Boltzmann equation using the average temperature of the GED experiment. The potential-energy scan performed by rotating about the Si(1)-Si(2) bond for 2 revealed eight possible conformers. Geometry optimisation performed using B3LYP/6-311G(2d,p), and subsequently using B3LYP-GD3/6-311G(2d,p) gave four unique conformers, with the other four minima representing enantiomeric forms of these. Frequency calculations were undertaken using the same level of theory and basis set, and the energies used to estimate the composition of 2 in the gas phase at the temperature of the GED experiment. As can be seen from Table 3 , the calculated energies for conformer 2d were significantly higher than for 2a-2c, and so it was not taken into account in the determination of the GED structure. Table 4 shows selected geometric parameters for the three conformers included in the GED refinement. c Gibbs free energy in kJ mol -1 (ZPE corrected). d Calculated using the Boltzmann equation using the average temperature of the GED experiment. 
Gas electron diffraction
Refinements of the experimental GED data for each of 1 and 2 were performed on the basis of models describing the molecular geometries for the three most abundant conformers. On the basis of the calculations at the B3LYP-GD3 level employing 6-311G(2d,p) basis sets on all atoms, models were written assuming C 2 point-group symmetry for each conformer.
Full descriptions of the models are given in ESI and atomic coordinates for all three conformers can be found in Tables S4 and S5 . The models for 1 and 2 were written with 31 and 32 parameters, respectively, and described the major conformer for each of 1 and 2, using a series of geometric parameters that are listed in Tables S8 and S9 . Slight differences in bond lengths and bond angles both within those conformers, and also between the major and minor conformers, were introduced using fixed (non-refinable) differences. For each molecule parameters p 1 -p 4 are distances, while parameters p 5 -p 20 are angles. Different numbers of dihedral angles are required to describe 1 and 2, with p 21 -p 31 and p 21 -p 32 being used, respectively, to rotate the trimethylsilyl groups, the methyl groups, and one SiR(SiMe 3 ) 2 [R = H (1), CH 3 (2)] group with respect to the other.
During the refinements of the experimental data, restraints were applied to parameters that are poorly defined from the GED data alone using the SARACEN method. [31] [32] [33] The restraint values for the SARACEN method are based on the B3LYP-GD3/6-311G(2d,p) optimised geometries, while the uncertainties in these values are estimated from the range of values produced from the series of geometry optimisations at different levels of theory and with different basis sets. Whilst refining the experimental data, 29 and 27 parameters were restrained, for 1 and 2, respectively. The vibrational effects on bonded and nonbonded distances were taken into account in the form of corrections obtained from the program SHRINK 34 using calculated force constants. SHRINK also gave starting values for the amplitudes of vibration associated with every pair of atoms.
In order to refine the amplitudes of vibrations, an atom pair with the most significant scattering effect was selected for each individual peak in the radial distribution curves. All other atom pairs, with the exception non-bonded pairs including hydrogen as these contribute so little to the overall scattering, were tied using a calculated ratio to the selected pair, for which the amplitude of vibration was then refined. For both 1 and 2 eleven amplitudes of vibration were refined, with seven restraints applied in each case. See Tables S10 and S11 for full lists of amplitudes of vibration and curvilinear distance corrections.
As mentioned earlier, only the three most abundant conformers were modelled for each of 1 and 2. The relative amounts were recalculated to allow for only three conformers (see Tables S8 and S9 for values) and were fixed during the initial refinements. Finally, after all other parameters and amplitudes of vibration were refining, the amounts of conformers a and b were adjusted in a stepwise manner to values either side of the calculated values assumed during the initial refinement. The amount of conformer a was first increased in intervals of 0.05 from the initial value and then decreased from the same point, with the R G value recorded at each step. The refinement code does not allow the amounts of conformers to be refined as part of the least-squares analysis, and so manual adjustment is the best indication we can get for the experimental amounts of the conformers. As conformer c was calculated by both methods to be present in much smaller abundance than a and b its value was kept constant. The compositions of 1 and 2 that yielded the lowest R factors were close to those compositions calculated using B3LYP-GD3/6-311G(2d,p). Figure S1 shows plots of the amounts of conformers 1a and 2a against R G /R G (min.), with these theoretical values falling within the 95% confidence limit as indicated in Figure S1 . 35 The final R factors are based on amounts equal to amounts 0.592 of 1a, 0.300 of 1b, and 0.108 of 1c being modelled, and 0.411 of 2a, 0.450 of 2b, and 0.139 of 2c. From Figure S1 we estimate the uncertainty on the abundance of conformers a and b to be ±0.100 for 1 and ±0.150 for 2. Figure 2 shows the radial distribution curves from the GED refinements for 1 and 2, with their associated experimental-minus-theoretical difference curves beneath. The related molecular intensity curves are shown in Figure S2 . The R G factors obtained from the leastsquare refinements for 1 and 2 are 0.073 and 0.090, respectively, while the R D factors, which ignore the off-diagonal elements in the correlation matrix, are 0.076 and 0.053. 36 The experimentally-determined atomic coordinates for the three conformers of each species can be found in Tables S12 and S13. with 2 it is interesting to note that the relative energies (shown in Tables 1 and 3) for apparently similar structures are quite different, with two different anticlinal conformers being low in energy for 1, while an anticlinal conformer is highest in energy for 2. One explanation for this relatively high energy in 2 is the increase in steric crowding around Si(1) and Si(2) due to the presence of methyl groups rather than hydrogen atoms (as was the case for 1). Previous studies have been performed for 1,1,2,2-tetra-tert-butyl-disilane 1a and 1b) , the HSiSiH dihedral angle for 3 is closer to that of 1b than the more abundant 1a. The molecule 3 also has C 2 symmetry and, when viewed along the central Si-Si bond, it is apparent that one tert-butyl group almost eclipses another tert-butyl group, while the other tert-butyl almost eclipses a hydrogen atom.
The report on the study of 3 12 comments on the large angle range available to silicon, with an SiSiC angle for a particular tert-butyl group (one that is approximately eclipsing another tert-butyl group) determined by GED to be 117.0 (5) When the additional methyl groups are positioned on Si(1) and S(2), as is the case for 2, some interesting structural effects are observed ( Table 4 ). The SiSiSi angles from the central Si-Si bond out to the branches shows a much smaller range for 2 than for 1, with Si(2)Si(1)Si (5) and Si(2)Si(1)Si (6) Previously, hexa-tert-butyl-disilane (5) has been studied and shown to be similar in structure to 4 but with tert-butyl groups in place of trimethylsilyl groups. Determining the structure of this molecule using GED was not possible because it dissociated into radicals. The final system in this series to be studied is by GED is the hyper-substituted Si 2 (SiMe 3 ) 6 (4), which will be reported in the near future. It is anticipated that, on the basis of the calculated results presented in this work, the longer Si-SiMe 3 bonds will mean that the molecule will not dissociate, unlike the tert-butyl analogue, which dissociated into radicals.
Graphical Abstract
The structures of 1,1,2,2-tetrakis(trimethylsilyl)disilane and 1,1,2,2-tetrakis(trimethylsilyl)-dimethyldisilane have been determined by gas electron diffraction. The presence of bulky and flexible trimethylsilyl groups dictates many aspects of the geometric structures in the gas phase, with the molecules adopting structures to reduce steric strain.
